Programmed cell death plays an important role in the neuronal degeneration after cerebral ischemia, but the underlying mechanisms are not fully understood. Here we examined, in vivo and in vitro, whether ischemia-induced neuronal death involves death-inducing ligand/receptor systems such as CD95 and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). After reversible middle cerebral artery occlusion in adult rats, both CD95 ligand and TRAIL were expressed in the apoptotic areas of the postischemic brain. Further recombinant CD95 ligand and TRAIL proteins induced apoptosis in primary neurons and neuron-like cells in vitro. The immunosuppressant FK506, which most effectively protects against ischemic neurodegeneration, prevented postischemic expression of these death-inducing ligands both in vivo and in vitro. FK506 also abolished phosphorylation, but not expression, of the c-Jun transcription factor involved in the transcriptional control of CD95 ligand. Most importantly, in lpr mice expressing dysfunctional CD95, reversible middle cerebral artery occlusion resulted in infarct volumes significantly smaller than those found in wild-type animals. These results suggest an involvement of CD95 ligand and TRAIL in the pathophysiology of postischemic neurodegeneration and offer alternative strategies for the treatment of cardiovascular brain disease.
Focal ischemia in the mammalian brain provokes irreversible necrotic damage and generates areas "at risk" that may, with time, undergo apoptosis (Linnik et al., 1993; MacManus et al., 1993; Li et al., 1995; Vexler et al., 1997) . In non-neuronal cells death-inducing ligands (DIL s) such as CD95 ligand (CD95-L, also called APO-1L/ Fas-L), tumor necrosis factor (TN F)-related apoptosis-inducing ligand (TR AIL, also called APO-2L), and TNF-␣ are critically involved in the induction of apoptosis (Nagata, 1997) . Few findings are reported about the involvement of DILs in apoptotic death in the adult nervous system, such as TNF-␣ production and expression of CD95 receptor (also called Fas or APO-1) in the postischemic brain (Matsuyama et al., 1995; Saito et al., 1996) or the cooperation of CD95-L with TNF-␣ for propagation of apoptosis in glioma cells (Mizuno and Yoshida, 1996) . In the immature brain, CD95-L was found to be expressed in neurons, but the absence of a concomitant expression of its receptor questions the involvement of CD95-L at least in developmental neuronal death (French et al., 1996; Becher et al., 1998) . However, in the adult brain the role of CD95-L and TRAIL under pathophysiological conditions remains to be defined.
Ischemic injury evokes a cellular stress response, which involves the activation of c-Jun N-terminal kinases/stress-activated protein kinases (JNK/SAPKs) (Knight and Buxton, 1996; Onishi et al., 1997; Herdegen et al., 1998) . After translocation into the nucleus, JNK/SAPKs activate the c-Jun transcription factor by phosphorylation of the serine 63 and 73 residues in the transactivation domain (Hibi et al., 1993; Kyriakis et al., 1994; Kallunki et al., 1996) with subsequent induction of c-Jun/AP-1 target genes, including c-jun itself (Angel et al., 1988) , TNF-␣ (Kraemer et al., 1995) , and CD95-L (Faris et al., 1998; Kasibhatla et al., 1998) . c-Jun is a potent inducer of apoptosis in several cell lines, including neuronal cells (Schlingensiepen et al., 1993; Bossy-Wetzel et al., 1997; Eilers et al., 1998; Watson et al., 1998) . In hippocampal neurons, the disruption of the JNK3 locus prevents phosphorylation of c-Jun and protects against excitotoxic death (Yang et al., 1997) . In the adult brain, the pattern of c-Jun phosphorylation and its link to apoptotic processes after neuronal injury are poorly understood.
In the present study, we have examined the participation of DILs and c-Jun in neuronal apoptosis induced by ischemia in vivo or other forms of cellular stress in vitro. We report that focal ischemia induces N-terminal phosphorylation of c-Jun and expression of CD95-L, TRAIL, and TNF-␣. The capacity of DILs to induce apoptosis in neurons was proven in vitro, where treatment with DILs of primary neurons and neuron-like cells led to death of the majority of cells. FK506, an immunosuppressant shown to reduce ischemic damage in the brain (Sharkey and Butcher, 1994; Drake et al., 1996) , completely prevented acute and delayed phosphorylation of c-Jun, expression of DILs, and concomitantly, the occurrence of apoptosis. lpr mice, deficient in a functionally active receptor for CD95-L, were significantly resistant against ischemia-induced neuronal damage. Our findings demonstrate that DIL s such as CD95-L and TR AIL confer neuronal apoptosis after ischemia in the adult brain and that suppression of DIL s, e.g., by F K506, may improve the neuronal survival after ischemic injury.
MATERIALS AND METHODS
Ischemic model. In male Sprague Dawley rats and female Bl /6 and lpr (Bl /6 background) mice, focal cerebral ischemia was induced by occlusion of the middle cerebral artery (MCA) as described previously (Z ea L onga et al., 1989) . A surgical nylon thread was advanced from the lumen of the common carotid artery up to the anterior cerebral artery to block the origin of the MCA for 90 min. MCA blood flow was restored by withdrawing the nylon thread. Deep anesthesia was reached by intraperitoneal injection of pentobarbital (100 mg / kg body weight) for rats or ketamine (150 mg / kg body weight) for mice. Animals were kept under anesthesia, and rectal temperature was controlled at or near 37°C with heating lamps throughout both the surgical procedure and the MCA occlusion period. After recirculation (12 and 24 hr and 3 and 5 d) for rats (each n ϭ 5) and 24 hr for mice (each group n ϭ 9), animals were deeply reanesthetized and killed by decapitation or intracardial perf usion. F K506 (1 mg / kg body weight) was applied intravenously between 5 and 15 min after the MCA occlusion. Sex differences between rats and mice are attributable to the availability in our animal facilities. In any case, we did not find sex differences in previous experiments, and the actual ones were exclusively performed within same-sex groups.
Cell culture and e xperimental treatment in vitro. Primary neuronal cultures were prepared from day 15 fetal rats as previously described (Dawson et al., 1991) . In brief, cortical neurons were obtained after trituration in M EM with 20% horse serum, 25 mM glucose, and 2 mM L-gutamine after a 30 min digestion in 0.025 trypsin /saline solution. C ells were plated in 24-well plates coated with polyornithine. After 4 d, cells were treated with 5-fluoro-2-deoxyuridine for another 4 d to inhibit proliferation of non-neuronal cells. Thereafter cell cultures were maintained in M EM, 10% horse serum, 25 mM glucose, and 2 mM L-glutamine in an 8% C O 2 humidified incubator at 37°C. Neurons were allowed to mature for 12 d in culture before being used for experiments.
N T2 teratocarcinoma cells were grown and differentiated essentially as described previously (Pleasure et al., 1992) , with the following modifications. N T2 cells were grown in serum-DM EM (DM EM supplemented with 10% fetal bovine serum, 5% horse serum, 100 U/ml penicillin, and 100 g /ml streptomycin) at 37°C and 10% C O 2 . Differentiation was promoted with 10 M retinoic acid for a total of 5 weeks. C ells were then enzymatically detached with 1 ml of trypsin / EDTA, mixed with 24 ml of serum-DM EM, and replated on a collagen-coated 15 cm dish. After 2 d, neuronal cells that were growing on top of a layer of non-neuronal cells were selectively removed by a short trypsination step with 1 ml of trypsin / EDTA, mixed with 10 ml of medium, and replated on a 10 cm dish. After 30 min, the supernatant that contained mostly neurons was transferred to a fresh collagen-coated 10 cm dish and treated with serum supplemented with 10 M fluorodeoxyuridine, 10 M uridine, and 1 M cytosine arabinoside twice a week for a total of 2 weeks. The cells were enzymatically removed with 0.5 ml of trypsin / EDTA, mixed with 4.5 ml of serum-DM EM, and plated at a density of 10,000 cells/cm 2 on collagencoated tissue culture dishes or coverslips and used after 3 d. Collagen was prepared from rat tails by acetic acid extraction. Plate surfaces were coated with 5 g /cm 2 collagen in 20 mM acetic acid for 1 hr. Coverslips were pretreated with 100 g /ml poly-L-lysine in borate buffer (1.24 gm of boric acid and 1.9 gm of Na-tetraborate in 400 ml of water).
The human neuroblastoma cell line SH EP and the human leukemic T cell line Jurkat were grown in RPM I-1640 medium supplemented with 10% heat-inactivated FC S, 100 U/ml penicillin, 100 g /ml streptomycin, 25 mM H EPES, and 2 mM L-glutamine. C ycloheximide was used to block the synthesis of antiapoptotic molecules and to render SH EP cells sensitive to death-inducing, ligand-mediated apoptosis (von Reyher et al., 1998) .
C ytostatic drugs were obtained from Sigma (Deisenhofen, Germany), all other cell culture products were obtained from Life Technologies (Paisley, Scotland). Doxorubicin was dissolved in sterile water, supplemented with 96% ethanol to a 90% stock solution, and stored in aliquots at Ϫ80°C. C ycloheximide stocks were dissolved in dimethylsulfoxide, and aliquots were stored at Ϫ20°C. Recombinant CD95-L (Alexis Corp., Grünberg, Germany) was freshly dissolved in medium. Recombinant TNF-␣ protein (Boehringer Mannheim, Mannheim, Germany) and recombinant TR AIL protein were prepared as described (Jeremias et al., 1998) . F K506 stock solution (Fujisawa Pharmaceutical Co. L td., Osaka, Japan) was freshly dissolved in medium. Finally, the vehicles were diluted to 0.1%, a concentration that had no influence on apoptosis or expression of the genes examined. C ells were ␥-irradiated in their flasks using a cesium radiator.
Assessment of cell death. Neuroblastoma cells were examined by fluorescence-activated cell sorting (FAC S), and the percentage of cell death was determined by forward scatter/side scatter (FSC /SSC) analysis. Death of cortical neurons and N T2-N cells was assessed by trypan blue exclusion. Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling. Frontal cryostat sections (25 m) were processed according to the terminal deoxynucleotidyl transferase (TdT)-mediated biotinylated UTP nick end-labeling (TUN EL) technique (Gavrieli et al., 1992) . Nuclei were stripped from proteins by incubation in PBS with 1% Triton X-100 at 4°C overnight. Endogenous peroxidase was inactivated by covering the sections with 2% H 2 O 2 for 5 min at room temperature. Sections were incubated with 0.3 l pg Flu-dUTP (Amersham, Braunschweig, Germany), 1 l of TdT, 10 l of 5ϫ TdT buffer, 2 l of CoCl 2 (Boehringer Mannheim), 0.3 l of dATP (Perkin-Elmer, Norwalk, C T), and 36.4 l of distilled H 2 O in a moist chamber at 37°C for 90 min. The reaction was terminated by transferring the slides to Tris-EDTA buffer at room temperature for 15 min. Normal nuclei, which contained only insignificant amounts of DNA 3Ј-OH ends, did not stain with this technique. C ells with necrotic morphology and detectable concentrations of DNA ends showed a more diff use labeling compared with apoptotic nuclei. As a control, sections were incubated in the absence of either the enzyme or the nucleotide.
Measurement of infarct e xtension. lpr and wild-type (Bl /6) mice (each n ϭ 9) were subjected to MCA filament occlusion for 90 min and reperf used for 24 hr as described. Forebrains were cut, and cryostat sections (20 m thick), 400 m apart, were silver-stained. In brief, sections were impregnated with a silver nitrate-lithium carbonate solution for 2 min and developed with a hydrochinone-formaldehyde solution for 3 min (Vogel et al., 1999) . Stained sections were directly scanned (MCI D-M4, 3.0; Imaging Research, St. C atherine's, Ontario, C anada). The volume of infarction was determined by numeric integration of the scanned areas of marked pallor corrected for brain edema (Swanson et al., 1990; Lin et al., 1993) . Significance was measured using a t test.
Immunohistochemistr y. Coronal cryostat sections (40 m) were processed for immunohistochemistry in 24-well microtiter plates. Sections were incubated for 48 -72 hr with the primary antisera. Immunoreactivities were visualized by either a monoclonal or a polyclonal C y3-and FI TC -labeled secondary antibody (Dianova, Hamburg, Germany). To detect CD95-L we used a mouse monoclonal specific antibody (Transduction Laboratories, Lexington, K Y), the monoclonal Nok-1 antibody The specific band of the 39 kDa CD95-L protein was determined in regions 1 and 2 (see Fig. 1a ) at the indicated time points after ischemia and recirculation and in untreated controls (CO). CD95-L expression was also determined in leukemic Jurkat-16 (J16 ) T cells either untreated (Ϫ) or 3 d after ␥ irradiation with 10 Gy (␥). Equal protein loading was ensured by Ponceau red staining. c, Induction of CD95-L and TR AIL mRNA after focal ischemia and recirculation at the indicated time points and in untreated controls (CO) as revealed by RT-PCR. n.d., Nondetectable. As a positive control, Jurkat cells (J16 ) were treated with 500 ng/ml doxorubicin, and RNA was isolated 4 hr later.
(PharMingen, Hamburg, Germany), and the polyclonal P62 antibody (kindly provided by Dr. M. Hahne and Dr. J. Tschopp, University of Lausanne, Lausanne, Switzerland). These antibodies yielded similar immunohistochemical patterns for CD95-L (data not shown). For other proteins we used a polyclonal anti-c-Jun antiserum (Kovary and Bravo, 1991) , a polyclonal antibody against the serine 73-phosphorylated c-Jun (kindly provided by Dr. M. Karin, University of San Diego, La Jolla, CA), a monoclonal M AP2 antibody (AP2, Boehringer Mannheim), and a monoclonal NeuN (antineuronal nuclei) antibody (M AB377; Chemicon, Temecula, CA).
Western blotting. Proteins were analyzed by Western blot analysis using a mouse monoclonal antibody specific for CD95-L (Transduction Laboratories) as described (Herr et al., 1997) . Bound antibody was detected with anti-mouse horseradish peroxidase conjugate (Santa Cruz Biotechnology, Santa Cruz, CA) and enhanced chemoluminescence (Amersham).
RT-PCR . RNA preparation and RT-PCR were performed as described (Herr et al., 1996) . Primer sequences were as follows: for human, CD95-L, 5Ј-ATG TTT CAG C TC TTC CAC C TA CAG A-3Ј and 5Ј-CCA GAG AGA GC T CAG ATA CGT TGA C -3Ј; TR A IL, 5Ј-CAG GAT CAT GGC TAT GAT GGA GGT C -3Ј and 5Ј-GC T GTT CAT AC T C TC TTC GTC ATT G-3Ј; TNF-␣, 5Ј-ATG AGC AC T GAA AGC ATG ATC C -3Ј and 5Ј-C TG GAG C TG CCC C TC AGC TTG AG-3Ј; and c-jun, 5Ј-CAG AGT TGC AC T GAG TGT GGC TG-3Ј and 5Ј-ATG TGT CAA CAG CGC C TG GGC AGC A-3Ј; for rat, CD95-L, 5Ј-TTT TTC TTG TCC ATC C TC TG-3Ј and 5Ј-CAG AGG GTG TGC TGG GGT TG-3Ј; and TR A IL, 5Ј-GGA CAC CAT TTC TAC AGT TC -3Ј and 5Ј-AGT ATG TTT GGG AAT AGA TG-3Ј. ␤-Actin primers were obtained from Stratagene (Heidelberg, Germany). T wenty microliters of the PCR reaction were separated by electrophoresis on agarose gels and visualized after ethidium bromide staining.
RESULTS

Expression of DILs and phosphorylation of c-Jun after focal ischemia in the adult brain
Occlusion of the MCA for 90 min and consecutive recirculation in the adult rat produced a defined ischemic lesion with a necrotic area in the lateral striatum and adjacent neocortex and the penumbra, an area "at risk" where cells undergo apoptosis (Linnik et al., 1993) (Fig. 1a) . We examined apoptosis by TUNEL in a subfield comprising the amygdala, piriform cortex, and entorhinal cortex. This region belongs to the penumbra area surrounding the lateral striatum, which even in cases with small infarcted lesions appeared ischemic. Apoptosis became apparent 12 hr after recirculation, reached a maximum at day 3, and was still visible in a substantial number of neurons after 5 d (Fig. 1b; data not shown). The intact nonischemic hemisphere served as control and did not exhibit TUNEL-positive cells (data not shown). In most cases, apoptotic cells were neurons, as detected by TUNEL and counterstaining with NeuN ( Fig. 1b-d) . Concomitant with the occurrence of apoptotic cells, CD95-L mRNA and protein were expressed between 12 hr and 5 d, with a maximum at day 3 as detected by RT-PCR, Western blotting, and immunohistochemistry (Figs. 2a-c, 3 ). In the ischemic penumbra, CD95-L was exclusively expressed in neurons (Fig. 3) . In untreated or shamoperated rats the immunoreactivity for CD95-L was completely absent (data not shown). Similar to the kinetics of CD95-L expression, TR AIL mRNA levels increased in response to ischemia and recirculation with a maximum after 3 d (Fig. 2c) . In contrast to TR AIL and CD95-L, TNF-␣ mRNA was not consistently upregulated in the ischemic hemisphere. TNF-␣ mRNA exhibited a first peak after 24 hr, followed by a decline after 3 d and a second rise after 5 d (data not shown), consistent with previous findings (Saito et al., 1996) .
In sham-operated animals expression of the c-Jun transcription factor was similar to that under basal conditions, and phosphorylation of this factor was undetectable. In the postischemic brain, intense bilateral c-Jun expression was seen in a variety of forebrain areas, including the piriform and entorhinal cortex. By contrast, phosphorylation of c-Jun was virtually restricted to the penumbra area, and the distribution of the phospho-c-Jun labeled nuclei was congruent with the TUNEL-positive neurons (Fig.  2a) . After 12 hr, ϳ80% of the phospho-c-Jun-positive neurons were TUNEL-positive, and 23% of the TUNEL-positive neurons contained phospho-c-Jun. After 3 d, these values were ϳ52 and 30%, respectively (data not shown).
The pattern of increased expression of CD95-L, TR AIL, TNF-␣, and c-Jun in neurons after ischemia with recirculation resembles that seen in response to other forms of cellular stress. This is demonstrated in leukemic T cells (Jurkat), which have been ␥-irradiated or treated with the cytotoxic drug doxorubicin, an anthracycline used in chemotherapy of human neurons (Fig. 2b,c) .
Induction of apoptosis by DILs in neurons in vitro
To directly support the possibility that these DILs mediate ischemia-induced apoptosis in the adult brain, we evaluated cell death after treatment of various neuronal populations with recombinant CD95-L, TRAIL, and TNF-␣ proteins (Fig. 4) . These ligands induced Ͼ60% cell death in primary and model (NT2-N) neurons. The latter cells, derived from a human teratocarcinoma cell line (NT2) by retinoic acid treatment, exhibit many of the features of fully polarized, postmitotic human CNS neurons, as shown by the presence of MAP2 (Fig. 4d) (Pleasure et al., 1992) . We found also that, like primary neurons, NT2N cells can express the receptors for DILs and be sensitive to DIL-induced apoptosis. In contrast, SHEP cells exposed to CD95-L and TNF-␣ exhibited a similar increase only after sensitization with cycloheximide, whereas TRAIL induced apoptosis in Ͼ60% of the cells both with or without cycloheximide (Fig. 4) .
FK506 suppresses c-Jun phosphorylation in vivo and DIL expression in vivo and in vitro
Recently it has been demonstrated that the immunosuppressant FK506 triggers neuroprotection after cerebral ischemia (Sharkey and Butcher, 1994; Drake et al., 1996) and prevents CD95-L- Figure 3 . Expression of CD95-L in neurons 3 d after ischemia and reperfusion in the piriform cortex (corresponding to Fig. 1a, region 1) as assessed by double labeling with M AP2 (red) and anti-CD95-L ( yellowgreen). Photographed with a 100ϫ objective. triggered apoptosis in non-neuronal cells (Brunner et al., 1996) . Intravenous application of F K506 5-15 min after MCA occlusion reduced the area of infarction in the rat brain (Fig. 5b) . Importantly, F K506 completely suppressed the expression of CD95-L (Fig. 5c ) and TR AIL (data not shown) and the occurrence of apoptotic nuclei. Moreover, F K506 prevented phosphorylation of c-Jun without affecting the distribution of c-Jun-immunoreactive neuronal nuclei (Fig. 5c) . Finally, we investigated the effect of FK506 on DIL s in neuronal cells in the absence of immune or glial cells. Therefore, neuroblastoma cells were incubated with doxorubicin, which triggers a cellular stress response (Herr et al., 1997) similar to ␥ irradiation (Chen et al., 1996) or ischemia. This drug induced upregulation of CD95-L, TR A IL, TNF-␣, and c-jun mRNA within 16 hr, as examined by RT-PCR (Fig. 5a ). Coincubation with F K506 completely suppressed the doxorubicininduced expression of CD95-L, TR A IL, TNF-␣ and c-jun mRNA.
Resistance against focal ischemia in the mutant lpr mouse
To further elucidate the involvement of DIL s in postischemic neurodegeneration, we evaluated the extent of brain injury after MCA occlusion in lpr mice with mutant CD95. As control, we used Bl/6 mice to avoid known differences in infarct susceptibility depending on the genetic background of the mice used (Barone et al., 1993; Connolly et al., 1996) . Wild-type and mutant mice were subjected to 90 min of MCA occlusion followed by 24 hr of reperfusion, after which the extent of infarct was determined by silver staining (Vogel et al., 1999) (Fig. 6b) . The mean infarct volume in control animals was in good concordance with similar models from other groups (Eliason et al., 1997) . The infarct volume was reduced by ϳ66% ( p Ͻ 0,004) in lpr mice compared with wild-type mice [18.26 Ϯ 5.78 (SE) vs 50.67 Ϯ 8.73 mm 3 ; each n ϭ 9; Fig. 6a] . Interestingly, the surrounding cortex (penumbra area) was always spared in the lpr mice (Fig. 6b) . These results demonstrate an involvement of CD95 and other death systems such as TRAIL in ischemia-induced apoptosis.
DISCUSSION
This study provides evidence that the neuronal suicide program after brain ischemia depends on the expression of the DILs CD95-L and TRAIL. We detected upregulation of these ligands in the postischemic brain and proved, in vitro, their potency to induce death in primary neurons, model neurons (NT2-N; Plea- , 1992) , and neuroblastoma (SH EP) cells. These findings imply that enhanced expression of DIL s is involved in the neuronal apoptotic program in the adult nervous system. Alternatively, the presence of CD95-L in the developing brain might help in maintaining immune privilege rather than mediating neuronal death (French et al., 1996) . The latter assumption relies on the findings that lpr mice, deficient in the CD95/CD95-L pathway, exhibit no abnormalities during embryonic development, and CD95 is undetectable in the immature brain. By contrast, expression of CD95 has been reported in neurons of the postischemic adult brain (Matsuyama et al., 1995) . Indeed, we show that adult lpr mice are highly resistant to ischemia-induced neuronal damage. In these mice the cortex, an area where in wild-type animals most of the TUNEL-positive cells are found, was always spared. No significant differences in blood pressure or blood gases between wild-type and lpr mice were found, which -3) , phosphorylation of serine 73 of c-Jun (4 -6 ), and c-Jun (7-9) was examined by immunohistochemistry in region 1 (see Fig. 1 ) of untreated rats (1, 4, 7 ) 3 d after ischemia and recirculation (2, 5, 8) or 3 d after ischemia and recirculation with intravenous application of F K506 5-15 min after ischemia (3, 6, 9) . F K506 antagonized the expression of CD95-L ( 3) and the phosphorylation of c-Jun ( 6) but did not affect the c-Jun expression ( 9). Similar results were obtained in five different experiments.
could be responsible for nonspecific neuroprotection (data not shown). Thus, the reduction of infarcted volume in lpr mice does not result from hemodynamic alterations. Therefore, the CD95/ CD95-L pathway might contribute to postischemic neurodegeneration in the adult C NS. For TR AIL, the cellular distribution remains to be defined, but induction of TR AIL in neuronderived neuroblastoma cells and its ability to induce death in cortical and N T2-N neurons suggest the capacity of neurons to express TR AIL. The expression of DIL s in the ischemic compartments of the brain and the propagation of death in neurons by DILs, together with the resistance of lpr mice to brain ischemia, allow the conclusion that CD95-L and, probably, TRAIL are executors of ischemia-mediated neuronal apoptosis.
Activation of the c-Jun transcription factor by N-terminal phosphorylation of its serine 73 residue in the ischemic hemisphere can be considered as a transcriptional effector for those apoptotic mechanisms depending on de novo synthesis. c-Jun-mediated neuronal death (Schlingensiepen et al., 1993; Ham et al., 1995) depends on N-terminal phosphorylation of c-jun by JN K/SAPKs (Virdee et al., 1997; Eilers et al., 1998; Watson et al., 1998) . Recent data have provided evidence that c-Jun confers its apoptotic action by induction of CD95-L and TN F-␣ genes (Kraemer et al., 1995; Faris et al., 1998; Kasibhatla et al., 1998) . Our data suggest that this transcriptional control might also be effective in the adult brain, because expression of the nonphosphorylated (i.e., inactive) form of c-Jun is not paralleled by either expression of CD95-L or appearance of TUN EL -positive cells. Moreover, activation of JN K /SAPK and subsequently c-Jun has been reported to lie downstream of the death domain of DIL receptors (Wilson et al., 1996; Goillot et al., 1997) , resulting in a reinforcing apoptotic feedback.
Our observations on DIL expression and selective phosphorylation of c-Jun after ischemic injury in the adult brain opens a new dimension for understanding neurodegenerative disorders. Although the function of DILs is well characterized in mitotic cells such as lymphocytes, keratinocytes, and hepatocytes, the present data on DIL induction in postmitotic neurons suggest that cellular stress activates similar programs irrespective of the cellular phenotype. Therefore, therapeutic interventions that are successful in immunological disorders might also counteract the neuronal cell death program. The immunosuppressant FK506, which prevents activation of immune cells (Brunner et al., 1996) , readily passes the blood-brain barrier and confers neuroprotection against ischemic injury (Sharkey and Butcher, 1994; Drake et al., 1996) . Furthermore, we found that FK506 suppresses the induction of DILs in the adult brain and in cultures of neuron-derived neuroblastomas. Moreover, FK506 prevented the N-terminal phosphorylation of c-Jun in vivo. FK506 blocks the calciumdependent activation of the phosphatase calcineurin (Snyder and Sabatini, 1995; Gold, 1997) . Block of calcineurin could interfere with c-Jun-mediated transcription because the antiapoptotic protein Bcl-2 inhibits the activation of the calcineurin-mediated nuclear translocation of NF-AT (Shibasaki et al., 1997) , which is a c-Jun-containing transcription factor. Most importantly, FK506 ameliorates mitochondrial dysfunction after transient focal cerebral ischemia (Nakai et al., 1997) , a crucial event in the cellular commitment to the apoptotic program (Kroemer et al., 1997) .
Our data shed new light on the mechanisms that propagate Figure 6 . Protection against focal ischemia in lpr mice. a, Infarct volume after transient focal ischemia in wild-type (Control ) and lpr mice. Data are presented as the means Ϯ SEM (Control, n ϭ 9; Lpr, n ϭ 9). Significance was determined by t test. **p Ͻ 0.004. Data from individual animals are plotted as separate points overlaid on each histogram bar. Infarcted volume was determined by numeric integration of the scanned non-silver-impregnated areas corrected for brain edema. b, Infarct area (white area marked with red line) in the wild-type (Control ) and lpr mice as revealed by silver staining. Note that in the lpr mouse despite an infarct volume (ϳ37 mm 3 ) superior to the mean infarct volume (ϳ18 mm 3 ), the surrounding cortex remains spared.
